Objectives: With increasing antimicrobial resistance, rapid antimicrobial susceptibility testing (RAST) becomes important, especially in patients with bloodstream infections. EUCAST decided to develop a standardized rapid method, based on EUCAST disc diffusion, to offer susceptibility reports within 4-8 h of a positive blood culture (BC).
Introduction
With increasing antimicrobial resistance, rapid antimicrobial susceptibility testing (RAST) becomes increasingly important, especially in patients with bloodstream infection (BSI). Several authors have shown that RAST and appropriate early therapy improve the clinical outcome in BSI and septic shock. [1] [2] [3] [4] Improved management of BSI includes widening of indications for blood culture (BC), 24 h staffing of laboratories or at least 24 h access for hospital staff to BC instruments.
Disc diffusion is one of the oldest and most frequently used methods for susceptibility testing. It is applicable to a broad range of bacteria and agents, needs no special equipment and is more versatile than any other method. The EUCAST standardized method 5 was developed for 16-20 h incubation. A 'rapid' AST method should produce results in less than 8 h to have significant impact. Laboratories have developed in-house disc diffusion RAST methods, some based on EUCAST standard methodology from cultured colonies. [6] [7] [8] These studies have shown that the size of inhibition zones changes over incubation time and that WT isolates (lacking phenotypically detectable acquired resistance mechanisms to the agent) and non-WT isolates (having phenotypically detectable resistance) behave differently. In our studies, shorter incubation leads to smaller inhibition zones for WT isolates and larger zones for non-WT isolates. 9 This results in poorer separation between WT and non-WT isolates. It is crucial to realize that: (i) zone diameter breakpoints developed for standard disc diffusion cannot be used with RAST; and (ii) the robustness of the test is decreased due to the poorer separation between the two populations.
EUCAST's aims for RAST were: (i) the method should be valid for relevant BSI pathogens and agents; (ii) the time to results should be shorter than a standard work day; (iii) materials should be available in a standard microbiology laboratory; (iv) the method should be easy to perform and control; (v) it should be independent of the BC system; and (vi) it should be freely available on the EUCAST website.
This paper describes the development of a RAST method based on EUCAST standard disc diffusion methodology but with inoculation with untreated/unprocessed broth directly from positive BC bottles and a shorter incubation time (reading of results after 4, 6 and 8 h). It was validated against EUCAST breakpoints and standard methodology. Pathogens commonly isolated from patients with BSI and targeted in both the EARS-Net 10 and the CAESAR 11 surveillance programmes were included (Table 1 ).
Materials and methods

Bacterial isolates and reference AST data
The isolates were from international collections of clinical isolates (see Acknowledgements) and from clinical samples at Clinical Microbiology, Region Kronoberg, Sweden, between 2000 and 2017. Isolates represented WT and non-WT isolates with various resistance mechanisms ( Table 1 ). The levels of resistance are shown in the MIC distributions in Tables S1 to S7 (available as Supplementary data at JAC Online). Species were identified using the Microflex system with MALDI Biotyper (MBT) v. 3.1 software (Bruker Daltonics) and the MBT database DB-5627. AST was performed for all isolates using broth microdilution (BMD) according to ISO 20776-1 12 (using EUCAST MH-F broth for Streptococcus pneumoniae) and EUCAST standard disc diffusion. 13 BMD results were used as reference with the exception of discs intended for screening for specific resistance mechanisms, where the EUCAST reference method for screening was used ( Table 1 , Tables S1 to S7). Results were interpreted according to EUCAST Breakpoint  Tables v. 8 .0, 2018. 14 For Staphylococcus aureus and cefoxitin, mecA status by in-house PCR was used as reference and all cefoxitin screen-positive isolates were mecA positive.
Spiked BC bottles
BC bottles, BACTEC TM Plus Aerobic/F (Becton, Dickinson and Company, Sparks MD, USA), were inoculated with a bacterial suspension of 100-200 cfu from an overnight culture on a blood agar plate. To simulate routine conditions, 5 mL sterile defibrinated horse blood (Håtunalab AB, Bro, Sweden) was added to each bottle prior to incubation in the BC instrument, BACTEC FX (Becton, Dickinson and Company). Bottles were positive after 3.5-17.5 h in the instrument (mean and median value 11.5 h). To imitate real-life conditions, bottles were removed 0-14 h after positive signal (mean value 5 h). Disc diffusion according to the EUCAST RAST method, as described below, was performed immediately.
EUCAST RAST methodology Media
Standard EUCAST media, Mueller-Hinton (MH) and Mueller-Hinton Fastidious (MH-F) agar were used. AST was performed on 90 mm circular plates produced in-house using agar from two manufacturers in parallel: Oxoid (Thermo Fisher Scientific, Basingstoke, UK) and BBL (BD, Sparks, MD, USA), resulting in two readings per isolate and agent.
Discs
Antibiotic discs (Oxoid/Thermo Fisher Scientific), were chosen to represent relevant agents or agent groups used in the treatment of BSI (Table 1) .
Procedure
The EUCAST standard disc diffusion methodology 13 was modified as follows: (i) the inoculum was defined as 100-150 lL broth directly from a positive BC bottle; (ii) zones were read after 4, 6 and 8 h (with a variation of ±5 min); and (iii) all zones were read from the front of the plate with the lid removed. The inoculum was evenly distributed over the agar with a cotton swab using an automatic plate rotator (Retro C80, bioMérieux, Marcy l'Étoile, France). Inhibition zones were read manually using a calliper. The plates were reincubated within 10 min of removal from the incubator to allow readings at 6 and 8 h (Table 1) . Only tests with confluent growth and clearly delineated inhibition zones were read.
Quality control (QC)
QC according to EUCAST standard methodology was performed daily to control materials and equipment used. 15 QC of the RAST method was performed by inoculating BC bottles with five different QC strains (Table 1) using the same RAST methodology as described above. For each QC strain, the RAST procedure was repeated 16-20 times throughout the experiments.
Data analysis and establishment of RAST breakpoints
RAST breakpoints, specific for each species and agent and for 4, 6 and 8 h of incubation, were established to optimize susceptibility categorization. The EUCAST standard procedure to establish zone diameter breakpoints based on MIC-zone diameter correlates was used. 5 To deal with the greater variation and poorer separation with the RAST method, we introduced an area between confirmed susceptible (S) and resistant (R) results where interpretation was not permitted, the Area of Technical Uncertainty (ATU). Thus, for each reading time the possible results were S, R and ATU (interpretation not permitted). The proportion of results for which an interpretation could (S or R) and could not (ATU) be offered at 4, 6 and 8 h was calculated. 
The influence of variation in the RAST system
To develop a robust RAST method that would tolerate the variations inherent to a clinical laboratory, we investigated the effect on inhibition zone diameters and on bacterial growth of: (i) a delay in removing a positive bottle from the instrument; (ii) a delay in performing RAST after the removal of a positive bottle from the instrument; and (iii) the effect of using BC bottles from different manufacturers. These studies are presented in the Supplementary data (see 'The influence of variation in the RAST system'; Table S8 ).
Results
Inhibition zone diameters after 4, 6 and 8 h of incubation
It was possible to measure inhibition zones after 4 h for the majority of isolates of Escherichia coli (92%), Klebsiella pneumoniae (99%), S. aureus (58%), Enterococcus faecalis (93%) and S. pneumoniae (82%) but not for Pseudomonas aeruginosa (0%) and Enterococcus faecium (44%). After 6 h, 89%-100% of all zones could be read and after 8 h it was possible to read 98%-100% of all zones ( Table 2 ). Inhibition zones could not be read when there was: (i) insufficient growth (i.e. no growth or non-confluent growth); or (ii) a poorly delineated zone edge. For E. coli, K. pneumoniae and P. aeruginosa, thin hazy growth within the inhibition zones was sometimes observed at early readings but disappeared at 6 or 8 h. The hazy growth was always ignored if an EUCAST rapid disc method for positive blood cultures JAC outer zone edge was clearly visible. In general, with longer incubation time, zone diameters for WT isolates increased whereas zone diameters for non-WT isolates decreased. Thus, with longer incubation time, the gap between the S and R populations increased and the risk of overlap decreased (Figures 1 to 4 ; Figures S1 to S7).
Establishment of the preliminary RAST breakpoints
Individual breakpoints for each agent, species and reading time were determined according to the outlined principles. We were able to determine preliminary zone diameter breakpoints for all investigated species/agent combinations except for S. aureus versus clindamycin due to poor separation ( Table 1 ) and for P. aeruginosa and E. faecalis at 4 h due to poor growth.
For many species/agent combinations, a reliable distinction between S and R isolates could be achieved (Figures 1 to 4) and both S and R breakpoints could be established (Figures S1 to S7). The placement and width of the ATU depended primarily on the degree of separation between S and R isolates and, as shown, this will differ between species, agent and reading time (Figures S1 to S7).
For a few combinations, the overlap between S and R isolates was problematic: E. coli and K. pneumoniae versus piperacillin/ tazobactam, S. aureus versus clindamycin, S. pneumoniae versus clindamycin and enterococci versus vancomycin. For these, it was not always possible to define both S and R breakpoints and no RAST breakpoints were defined for S. aureus versus clindamycin. For enterococci versus ampicillin and imipenem, only an S breakpoint was set for E. faecalis and only an R breakpoint for E. faecium.
The proportion of results in the ATU decreased over time from an average of 25% (range 11%-31%, depending on agent and species) after 4 h to 20% (8%-30%) after 6 h and to 16% (5%-25%) after 8 h ( Table 2 ). With the tentative breakpoints and after excluding those tests where no interpretation was obtained (insufficient growth/no measurable zone or a result in the ATU), the error rates at 4, 6 and 8 h were as follows: VME 0.2%, 0.2%, 0.2% and ME 1.2%, 0.2% and 0.1%, respectively ( Table 2 ). VMEs and MEs were Jonasson et al. Table 3 ).
Detection of resistance mechanisms
With the suggested breakpoints, all E. coli and K. pneumoniae isolates resistant to cefotaxime, ceftazidime or meropenem with BMD were either in the ATU or correctly categorized as R. All MRSA isolates were in the ATU or correctly categorized as R. Enterococci with high-level aminoglycoside resistance (HLAR) were either in the ATU or correctly categorized by RAST with gentamicin. Enterococci with vanA were reported as R with the suggested RAST breakpoints. Isolates with vanB were either reported as R or were not interpreted as they ended up within the ATU. All oxacillin screen-positive S. pneumoniae with standard disc diffusion were correctly categorized by RAST. Jonasson et al.
QC strains
The QC values for the reference AST methods (BMD and standard disc diffusion) were within published ranges. 15 The QC procedure developed for RAST demonstrated that inhibition zones were systematically different compared with standard disc diffusion (Tables S9 to S13). These data and data from two clinical trials initiated by EUCAST to validate the RAST method (to be published separately) were used to define specific QC targets and ranges for the RAST procedure. Separate targets and ranges were needed for 4, 6 and 8 h readings. The RAST QC EUCAST rapid disc method for positive blood cultures JAC recommendations are used to facilitate the introduction of the methodology in the laboratory and are embedded in the RAST breakpoint table. 16 The influence of variation in the RAST method
The influence of variation due to delays in the workflow at the laboratory or the use of BC bottles from different manufacturers is described in Tables S8 and S14 and Figures S8 and S9) . In summary, the variations caused by either of these were absorbed by the ATU.
Discussion
It is important to avoid empirical therapy in patients with severe illnesses. With increasing antimicrobial resistance, empirical therapy will fail more often and it is especially important to shorten the period until effective therapy is administered in patients with severe illnesses. 3, 17 In these cases, safer options for empirical therapy are preferred, which in turn accelerate the development of resistance to last-option agents such as carbapenems, polymyxins and, more recently, b-lactam/b-lactamase inhibitor agents. 4 The EUCAST standardized method for RAST directly from positive BC bottles offers results within a standard work day. The variation caused by a non-standardized inoculum and by laboratories using several different BC systems, work schedules and media from different manufacturers was absorbed by the introduction of the ATU. The method delivered results for many species and agents as soon as 4 h, and for others after 6 h, of incubation. Since presenting criteria for the original seven relevant BSI pathogens and agents on the EUCAST website, Acinetobacter baumannii has been added and we are currently developing criteria for more agents. We also developed a specific QC procedure to be used for implementation of RAST in routine laboratories. 16, 18 EUCAST rapid disc method for positive blood cultures JAC To develop a robust and reliable method, we investigated the growth characteristics of relevant pathogens, both WT isolates and non-WT isolates. It became clear that zone diameter breakpoints needed to be recalibrated for shortened incubation and a non-standardized inoculum. Interpretative robustness was achieved by developing specific breakpoints for each of the seven species and the three reading times and by the introduction of an area between S and R where susceptibility categorization was not permitted (the ATU).
As with other standard methods, one must allow for random variation in materials and procedures. When following the recommended RAST methodology, this variation (e.g. BC bottles and media from different manufacturers and reasonable variation in laboratory procedures) was sufficiently small to be absorbed by the introduction of the ATU.
The main part of the work in this study was performed using a single BC system (BD BACTEC TM ), but altogether four BC bottle types (from three manufacturers) were evaluated. We used discs from a manufacturer with proven good quality 19 and testing was performed on MH agar from two manufacturers in parallel to include some media variation (unpublished data, J. Å hman, E. Matuschek and G. Kahlmeter).
There are limitations to the EUCAST RAST system. Not all AST results were available within 4 h; only half of the S. aureus and E. faecium grew and none of the P. aeruginosa, but all species grew after 6 h. This is well inside the span of a working day. Also, although errors were few, those that did occur were predominantly related to the shortest incubation time. The ATU was crucial to minimize VMEs and MEs. The proportion of readings in the ATU was different for different species and agents but always decreased over time from an average of 25% at 4 h to 16% at 8 h. However, since our isolates were selected to be challenging, the proportion of results in the ATU will be smaller among consecutive clinical BCs, especially in areas where resistance is less common. Also, when the result of one agent could not be interpreted, often that of others could. Abandoning the notion that a susceptibility report has to be complete before it is released, valid and useful results could be made available after 4, 6 and 8 h, gradually completing the report.
Other authors have shown that RAST methods based on disc diffusion are possible both from cultured colonies and directly from positive BCs. [6] [7] [8] [20] [21] [22] However, these studies all had one or several of the following limitations: longer incubation times; lower categorical agreement; lack of a defined ATU; and mostly the number of species and/or isolates was limited. Authors agree on the time dependence of the formation of inhibition zone diameters, the need for time-related and species-specific breakpoints and the need for an ATU. Some have identified the need to recalibrate zone diameter breakpoints. [6] [7] [8] 20 This is also supported by our results. Only a few authors have published methods where reading after 4 h was possible. 21, 23 The need for a lag phase cannot be eliminated or significantly shortened. 24 In our study, several techniques were tried before we decided to use untreated/unprocessed broth directly from positive BC bottles, thereby achieving the shortest possible lag phase (unpublished data, E. Jonasson, E. Matuschek and G. Kahlmeter).
Published phenotypic, non-commercial initiatives are not standardized and are not broadly validated. [20] [21] [22] 25, 26 They are often based on material (BC bottles, discs, MH medium, gradient tests, a semi-automated device etc.) from a single manufacturer and interpretation is often performed with breakpoints for standard AST. All initiatives require incubation for at least 4 h and usually longer. 27 Commercial phenotypic methods for RAST from positive BC bottles are being developed and some are available. 23, [28] [29] [30] It is outside the scope of this article to review these and the reader is referred to two recent publications. 24, 27 With few exceptions, these are still under development, not yet commercially available and/or take more than 4 h. To our knowledge, the Accelerate Pheno TM system is the only commercially available system. However, it is expensive to run and has limited capacity. 28, 30 It is a long and arduous road to deliver a full-scale AST system. 24, 27 With the breakpoints and ATUs that were defined in this study, VMEs and MEs were generally low. For E. coli, K. pneumoniae, P. aeruginosa and S. aureus, 70%-90% of all readable results could be interpreted as S or R. VMEs and MEs were few (<0.2%) for these four species. For enterococci there were no VMEs and only a few MEs. The large proportion of results in the ATU for enterococci was primarily explained by the failure of vancomycin to correctly predict resistance in vanB-positive isolates with low MICs. This problem exists when using standard phenotypic AST techniques, but was accelerated by the conscious inclusion of many problematic isolates. Most errors for S. pneumoniae were related to the norfloxacin screen and mostly when zones were close to the screening breakpoint with the standard method. These isolates were S to levofloxacin and moxifloxacin with BMD and the problem was resolved when EUCAST decided to revise the screening breakpoint for the standard method. 31 The EUCAST RAST method is not complicated to perform and requires only equipment and competence already available in clinical laboratories. However, it may require that laboratories review and tackle logistics related to BC, including workflow, opening hours and staffing. All parts of the chain are equally important; transportation of BC bottles to the laboratory, around-the-clock availability of BC instruments, time to species identification (which today can be reduced to 60 min) 32 and laboratory staff availability. It is evident that time to AST results can be significantly reduced with RAST and that it is no longer acceptable to wait until the next day for an AST report when results can be available within 4-8 h. However, laboratories must develop systems by which the RAST result is promptly conveyed to and understood by those responsible for therapy. If achieved, this will help improve clinical outcome, especially where resistance is common.
On the basis of the results of this study, a preliminary set of breakpoints and ATUs were defined and then tested in two major clinical trials involving 55 laboratories in Europe, using different BC systems and discs and media from many different manufacturers. 33, 34 After having aggregated all results (spiked bottles and the results from the clinical trials) a method for RAST directly from BC bottles and a set of breakpoint tables were proposed and accepted by the EUCAST Steering Committee. The methodology, breakpoint tables, implementation guide and QC procedure are available on the EUCAST website (www.eucast.org).
Conclusions
The EUCAST RAST disc diffusion method was developed to offer a standardized method for direct AST from positive BC bottles, with Jonasson et al.
specific breakpoints for each species and precise reading times (4, 6 and 8 h) as specified by EUCAST. The method absorbed variation from the use of different BC systems, MH media, workflows and opening hours. Laboratories can rapidly report reliable S and R results and, rather than an uncertain result, report a blank. Categorical agreement was acceptable and error rates low when tested on difficult isolates with an array of resistance mechanisms.
The method is not complicated to introduce into standard clinical microbiology laboratories but will require adaptation of workflow. It is cheap to run, quicker than other current methods, based on known and accepted material, more flexible than any other system and will potentially lead to a considerably shortened time for susceptibility test results to reach the bedside of the patient. With the incorporation of the ATU, unavoidable variation is prevented from causing VMEs and MEs. Guidance for the most important species and agents is now available on the EUCAST website.
